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Abstract 
Global rise of composite material demand has led to major legacy problems of manufacturing and end of life waste. The 
heterogeneous nature of composite material is the main challenge for recycling. In the European Union, tighter legislation on 
landfill, increasing landfill tax and loss of valuable material are driving the need for development of composite recycling 
technology. However, the recycling environmental benefits may not be optimised due to lack of high integrity environmental 
datasets. This study considered mechanical, high voltage fragmentation (HVF) and chemical recycling methods. New carbon 
footprint models were developed for each process. Experimental modelling was used to provide detailed process data associated 
with the processes. The Environmental Product Declaration (EPD) of the processes were evaluated through life cycle assessment 
studies. This work identifies that the electricity energy demand dominates the overall resource footprint in mechanical and HVF 
recycling methods. For both processes, extended tool life and optimised processing rate could significantly reduce the carbon 
footprint per unit of weight of waste processed. Environmental impact of the chemical recycling method was highly dominated by 
acetone used as the solvent. The refined datasets generated in this study enable better resource analysis to minimise carbon footprint 
of composite recycling processes. This is hoped to help increase market value of the recyclates by highlighting the environmental 
benefits gained through potential reuse applications. 
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1. Introduction 
  
The usage of composite materials spans across demanding and critical sectors such as, automotive, construction and 
aerospace. A recent example of the usage is the incorporation of 50% carbon fibre composites in latest aircraft models 
such as Airbus A350 and Boeing 787 Dreamliner [1]. The rapid production growth is due to their excellent mechanical 
properties such as high stiffness to weight ratio and corrosive resistance.  
The main issue is the disposal of their manufacturing and end of life waste. Recycling of composite materials is not 
as straightforward a process as recycling monolithic materials such as metals and plastics. The heterogeneous nature 
of composite materials makes the separation of matrix and fibre very difficult. In addition, most high grade applications 
use thermoset binder which unlike thermoplastics cannot be easily melted and remoulded. These are the main 
challenges for recycling composite material. Currently, recycling of composite waste is not a regular practice [2]. For 
example, in the United Kingdom, disposal to landfill is most common for manufacturing and end of life composite 
waste [3]. However, disposal to landfill is the least preferable waste management strategy according to waste hierarchy 
[4]. 
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  In the European Union, composite recycling technology is developing as a result of stricter current and impending 
directives. An example of such directives is the Waste Landfill Directive (1999/31/EC), where the amount of organic 
material permitted to be sent to landfill is limited [5]. By 2025, landfilling of recyclable waste will not be allowed [6]. 
The other issue of landfill is the loss of valuable and high embodied energy materials. Carbon fibre reinforced plastics 
(CFRP) and glass fibre reinforced plastics (GFRP) have average embodied energy of production around 380 MJ/kg 
and 145 MJ/kg respectively [7]. In terms of monetary value, the carbon fibre has a price in the range of £15 to £23 per 
kg compared to £1 and £21 for glass fibre. Therefore there is also a clear financial opportunity in recovering carbon 
fibre material, although environmental concern is the main driver to reuse glass fibre composite waste.  
The core principle of composite recycling technology is to separate the reinforcements (fibre/filler) from the matrix 
(resin) components. The technology can be divided into several categories namely mechanical, chemical, thermal, 
electrochemical, biotechnological and high voltage fragmentation (HVF). At present, the mechanical and pyrolysis 
(thermal) are the most advanced technique to recycle GFRP and CFRP respectively [8]. These processes are available 
at industrial scale and commercially active. The solvolysis process (chemical recycling), was found to be very 
promising in recovering clean and high quality carbon fibre by degrading resin in solvent at a given temperature and 
pressure [9]. Several companies such as Panasonic Electric Works Co Ltd and Hitachi Chemical have developed pilot 
scale chemical recycling processes, however their long term commercial viability is still unknown. New processes 
such as HVF were found to be feasible to produce clean recovered fibres and long mean fibre length [10]. From the 
past decades, mechanical recycling was found to be the most advanced technique to recycle glass fibre composites 
[11, 12].  
While end of life waste is rising in the future, composite recycling will be a common activity. From a survey 
conducted between composite companies, it was found that the primary concern in composite manufacturing is to 
reduce direct energy demand, which is metered and charged [3]. Besides, the UK Climate Change Act 2008 stipulates 
that the greenhouse gases emission levels in 2020 and 2050 has to be reduced by 26% and 80% respectively, compared 
to the emission level in 1990 [13]. Therefore, consideration on the process environmental impact is needed. 
High integrity environmental assessment depends on the quality and availability of inventory or input data [14]. 
While previous studies have mainly focused on process feasibility and reusability of recyclates [8], the environmental 
credentials of composite recycling methods has not being thoroughly analysed. From literature, it was reported that 
the direct electrical energy demand for mechanical recycling of GFRP is 0.17-1.93 MJ/kg for processing rate between 
10 and 150 kg/hour on a Wittmann ML2201 granulator [15]. For high voltage fragmentation method, the energy 
demand was reported to be around 4 MJ/kg [16]. Witik et al [17] reported that energy demand for pyrolysing CFRP 
waste was about 30 MJ/kg, however no processing details were included. A robust energy modelling approach has to 
be considered in estimating overall resource footprint of these recycling methods. In previous studies, the emission 
factor of composite recycling methods was only considered from the direct electricity energy demand. However, the 
impact of recycling processes needs to be further assessed by including other process inputs and consumables. These 
include the environmental impact of cutting tool utilisation and energy demand for dust extraction in mechanical 
recycling; chemical solvent, water consumption and waste water disposal in chemical recycling; and electrode wear, 
water consumption and waste water disposal in high voltage fragmentation processes. Despite advancement of the 
composite recycling processes in scientific literature and industrial practices, consideration of environmental aspects 
of the processes need urgent appraisal.  
This paper analyses the environmental footprint of mechanical, high voltage fragmentation (HVF) and chemical 
processes as fibre reinforced composite recycling methods. The environmental impact of process consumables is 
important, especially on an industrial scale. This is still missing in the literature. Analytical and experimental modelling 
was used in this study to provide detailed resource footprint data. The generated models were combined with life cycle 
assessment studies and the contribution of energy components in each process was elucidated for the first time. The 
model and assessment of environmental impact allows relevant strategies to be implemented in order to minimise the 
impact. The methodology allows resource hotspot to be identified and targeted and is in line with global and national 
strategy to minimise the overall energy footprint of manufacturing processes. This is particularly beneficial towards 
the reducing emissions of greenhouse gases and global warming.  
 
2. Research methodology 
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The methodology used in this study was a combination of experimental work and life cycle assessment studies. 
The data generated in experimental trials and authors’ previous studies were used as an energy signature inventory for 
the life cycle assessment study. A model, which considers main contributors for process carbon footprint, was 
developed for each recycling method. 
 
2.1 Recycling equipment and processes 
 
The mechanical granulator considered in this study was a Wittman MAS1 mini granulator. The composite panel 
(waste) was supplied through the machine chute and fell down by gravity into the cutting chamber. The panel was 
machined until it passed the pre-defined bottom screen size. The granulator has a maximum capacity of 30 kg per 
hour. The granulator has two types of blades, namely the fixed and moving blades, manufactured of molybdenum high 
speed steel. The weight of the blades is 0.98 kg in total. The granulator energy intensity was reported to be 5.53 MJ/kg, 
1.03 MJ/kg, 0.54 MJ/kg and 0.37 MJ/kg for recycling rates of around 2 kg/hour, 10 kg/hour, 20 kg/hour and 30 kg/hour 
respectively [15].  
The high voltage fragmentation processes considered in this study used laboratory scale equipment by SELFRAG 
AG at Pforzheim University, Germany. The experimental trial was carried out using 160 kV applied voltage, 1 Hz 
pulse frequency with around 20 g of GFRP panel. The panel has 30% of fibre volume fraction. Spark energy was 
released between two steel electrodes and disintegrated the material. The electrodes were estimated to be worn and 
need to be changed after around 84,000 number of pulses. This was considered as the tool life of the electrode. A new 
set of electrode weighted around 133 g. By considering the pulse frequency to be 1 Hz, 84,000 number of pulses is 
equivalent to 84,000 seconds or about 23 hours of processing time.  
The solvolysis or chemical recycling process was carried out using a pilot scale chemical reactor at University of 
Birmingham, UK. The reactor has a capacity of 5 litres. The material processed was 300 g of RTM6 CFRP plate. The 
solvent was a mixture of acetone (1.6 litres) and water (0.4 litre). The reaction chamber was heated up till 320 °C for 
about 85 minutes. The same temperature was maintained for another 120 minutes. Throughout the process, the direct 
electricity energy demand of the reactor was recorded using a Fluke 345 single phase power meter. 
 
2.2 Life cycle assessment 
 
Life cycle assessment is a methodology to evaluate environmental impact of a product or process. This is done 
through characterisation of input energy and materials as well as the waste released to the environment [14]. The 
assessment was conducted using Simapro 8.1 software. The impact category chosen for this study was the 
Environmental Product Declaration (EPD). The reported impact categories are acidification, eutrophication, global 
warming potential, and photochemical oxidation. 
 
 
 
 
2.2.1 Goal and scope 
 
The goal of the life cycle assessment study is to characterise the environmental footprint of composite recycling 
methods using EPD as an impact category. The assessment scope in this study is a composite recycling process to 
recycle 1 kilogram of fibre reinforced composite waste. The system boundary was confined within the recycling 
process only and related reused applications. 
 
2.2.2 Inventory 
 
The material inventory was acquired from Ecoinvent 3 and the European Life Cycle Database (ELCD). Life cycle 
datasets for composite recycling activities are currently not included in any of the databases. Thus, the energy 
signatures for composite recycling processes were taken from authors’ previous studies and experimental work. The 
 energy intensity for the mechanical recycling process was taken as 0.37 MJ/kg at a maximum capacity of 30 kg/hour 
using a Wittmann MAS1 granulator [15]. For the high voltage fragmentation (HVF) process, the electricity energy 
demand was about 60 MJ/kg for 1500 number of electrical pulses at 0.05 kg/hour processing rate. The direct electricity 
energy demand for chemical method was found to be 12.3 MJ per kilogram of waste processed. Energy demand to 
shred or cut composite waste was taken as 0.09 MJ/kg [14]. For mechanical and HVF processes, size classification or 
sieving was required to separate the powder and fibrous rich fractions of the recyclates. The energy demand for the 
sieving process was considered as 0.125 MJ/kg [18]. 
 
2.2.3 Assumptions and limitations 
 
All recycling processes were assumed to be based on UK conditions. As the system boundary was drawn around 
the recycling process, the impact of product disassembly and waste transportation was not considered. For mechanical 
process, the quality of regrind products was assumed to remain the same when the cutting tool material was changed 
from steel to tungsten carbide for a sensitivity analysis. The information on cutting tool wear rate is not available from 
the manufacturer as the wear highly depends on type of waste processed. It was assumed that the cutting tool will wear 
and needs to be changed after 1,000 kg of waste processed. The wear ratio between high speed steel and tungsten 
carbide tool was taken as 1:4, drawing from machining studies. For the chemical process, the variation of acetone and 
water volume ratio considered in the sensitivity analysis was assumed to have negligible effect on processing time and 
recovered fibre quality. For all processes, it was assumed that all recovered recyclate (fibrous and powdered fractions) 
are reusable in potential cross sector applications. 
 
2.2.4 Sensitivity analysis 
 
Sensitivity analyses were carried out to see the effect of varying parameters on the overall environmental impact. 
In this study, a sensitivity analysis was carried out by considering variation in key process variables as shown in Table 
1. Different material and wear rates for cutting tools were considered for the mechanical process. Different tool life 
for the electrodes in high voltage fragmentation process was also assessed. For the chemical process, the volume ratio 
between acetone and water was varied. The sensitivity analysis allows the contribution of each component to be 
assessed and assists users in making informed decision to minimise and optimise the energy footprint of the processes.  
 
3. Environmental footprint of composite recycling processes 
 
3.1 Energy footprint of mechanical composite recycling process 
 
Components of carbon footprint for the mechanical recycling process are the energy consumed by the granulator 
(basic, 0P  and cutting energy, EP ), energy footprint of cutting tool, CP and energy demand of a dust extractor, DP . 
Shuaib and Mativenga [15] modelled the direct energy demand and reported the values for 0P  and EP . A formula 
for CP was adapted from a study by Rajemi et al [19] and is shown in Equation 1: 
 
 )M/m(yP Ec   (1) 
 
where
Ey is the embodied energy of the cutting tool taking into account the weight of the cutter, m  is the weight of 
processed waste and M  is the tool lifetime in terms of total waste in kilogram processed to to the end of life of the 
recycling blade cutter used in the machine. A Climavent extractor fan used for the granulator has a rated power of 1.5 
kW. The energy for the dust extractor can be determined through a product of rated power of the dust extractor, REP  
and the cutting time per kilogram, t . Full energy footprint model for mechanical recycling process can be written as 
Equation 2:  
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where ? is the specifc energy coefficient in J/kg recycling Qand is recycling rate in kg/s.  
Table 1. Scenarios considered in sensitivity analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2 High voltage fragmentation (HVF) recycling process 
 
The energy footprint components for HVF method are the direct electricity energy demand Pt , energy footprint of 
electrode, tap water consumption ( twE ) and disposal of organic contaminated waste water ( wwE ).The electrode is not 
usable after about 84,000 number of pulses as a result of electrode wear. The energy footprint of the electrode is 
expressed in terms of ratio between number of pulses used in a trial and total number of pulses for the electrode to 
wear (the tool life). The electrode footprint is defined as )T/t(yE , where T is electrode tool life in terms of number 
of pulses and t is the processing time. Tap water consumption was assumed to be around 3.3 litres for 200 g waste 
and was discharged as contaminated water after the a single trial. The waste water was discharged as an untreated 
waste. Full energy footprint for the HVF process is described in Equation 3: 
 
wwtwEHVF EE)T/t(yPtE   (3) 
 
3.3 Solvolysis recycling process 
 
The direct electricity energy demand for the chemical process is defined as Pt where P  is the instantaneous 
power during heating and t is the processing time. Other process consumables included 1.6 litres of epoxy, epE  mixed 
with 0.4 litres of tap water, twE . While the acetone was recoverable, the water component of the mixture was assumed 
to be organic contaminated and discharge as an untreated waste. Water used for heater coolant was assumed to be 
negligible in this study. The energy footprint model for chemical recycling method is expressed as Equation 4.  
 
wwtwepchemical EEEPtE    (4) 
Recycling process Scenario 
Mechanical Tool life 
1. Low tool life: after 1000 kg of waste processed 
2. Long tool life: after 10000 kg of waste processed  
Cutting tool material  
1. High speed steel 
2. Tungsten carbide 
Processing rate and energy intensity 
1. 2 kg/hour, 8.66 MJ/kg 
2. 10 kg/hour, 1.70 MJ/kg 
3. 20 kg/hour, 0.94 MJ/kg 
4. 30 kg/hour, 0.68 MJ/kg 
High voltage fragmentation Electrode tool life 
1. 84,000 number of pulses  
2. 168,000 number of pulses  
Processing rate and energy intensity – electrode 84,000 
1. 0.04 kg/hour, 89.4 MJ/kg (2000 number of pulses) 
2. 0.05 kg/hour, 60.2 MJ/kg (1500 number of pulses) 
3. 0.07 kg/hour, 35.8 MJ/kg (1000 number of pulses) 
4. 0.15 kg/hour, 17.2 MJ/kg (500 number of pulses 
Chemical  Ratio of acetone to water 
1. 4:1 
2. 2:1 
  
4. Results and discussions 
 
4.1 Carbon footprint analysis of composite recycling process 
 
The granulator cutters are made from high speed steel and weighed 0.98 kg, which gave tool embodied energy of 
135 MJ. Tool lifetime was assumed to be a tonne of GFRP waste processed. This gave the energy footprint of cutting 
tool to be 0.13 MJ per kg of waste. The energy demand for the extractor is dependent on the processing rate. For 
instance, at recycling rate of 10 kg/hour the energy footprint for the extractor is 0.54 MJ per kilogram of waste. The 
energy footprint reduces to 0.18 MJ at 30 kg/hour recycling rate. Total energy footprint for recycling rate between 2 
and 30 kg/hour is shown in Table 2. The different processing rate was used in the sensitivity analysis later in this study. 
The table shows that the specific energy footprint of dust extractor and direct electricity energy demand can be 
significantly reduced at high processing rate. The reason for this is the high rated power of granulator motor and 
extractor fan which leads to high basic energy of the machine or equipment. High processing rate will allow utilisation 
of the basic energy which reduces the specific energy footprint of the process.  
Table 2. Energy footprint per kilogram of waste processed for mechanical recycling processes 
Processing rate 
(kg/hour) 
Process energy 
demand (MJ/kg) 
Energy footprint of 
cutting tool (MJ/kg) 
Energy of extractor 
(MJ/kg) 
Total energy footprint 
E (MJ/kg) 
2 5.53 0.13 3.00 8.67 
10 1.03 0.13 0.54 1.70 
20 0.54 0.13 0.27 0.94 
30 0.37 0.13 0.18 0.68 
 
The wear ratio between a tungsten carbide and high speed cutting tool was assumed to be 4:1. From CES EduPack 
software, the tungsten carbide has an average embodied energy of 1120 MJ/kg. As a result, the embodied energy of 
cutting tool per kilogram of waste processed was 0.27 MJ for tungsten carbide tool compared to 0.13 MJ for high 
speed steel tool. Despite higher wear resistance for the tungsten carbide tool, the energy footprint of cutting tool is 
comparable to high speed steel tool as a result of high embodied energy of tungsten carbide. Table 2 shows that the 
process energy demand dominates the overall energy footprint of mechanical recycling processes. The energy footprint 
of dust extractor can be significantly high at low processing rate (2 kg/hour), as the granulator capacity is not utilised.  
For the SELFRAG AG high voltage fragmentation (HVF) laboratory scale machine, total weight of the stainless 
steel anode and cathode is 0.13 kg. Average embodied energy of stainless steel was taken as 95.5 MJ/kg [7]. From 
Simapro Ecoinvent databases, cumulative energy demand for tap water consumption and waste water treatment is 
0.02 MJ and 0.82 MJ per single HVF trial respectively. The estimation of overall energy footprint in terms of 
cumulative energy demand is shown in Table 3. It can be seen that the energy footprint of electrode is dependent on 
the total number of pulses. It should be noted that the number of pulses used affects the quality of the recyclate. It was 
reported that the process with higher number of pulses produced shorter mean fibre length, narrower fibre length 
distribution and less resin content [10]. Low number of pulses may also contain unprocessed material. From Table 3, 
it is clear that the direct electrical energy demand of the high voltage fragmentation process dominates the energy 
footprint of the process. 
Table 3. Energy footprint per kilogram of waste processed for high voltage fragmentation processes 
Number of 
pulses 
Process energy 
demand (MJ/kg) 
Energy footprint of 
electrode (MJ/kg) 
Tap water (MJ/kg) Waste water disposal 
(MJ/kg) 
Total energy 
footprint (MJ/kg) 
500 17.1 0.08 0.02 0.82 18.02 
1000 35.6 0.15 0.02 0.82 36.59 
1500 60.0 0.23 0.02 0.82 61.07 
2000 89.1 0.30 0.02 0.82 90.24 
 
4.2 Life cycle assessment: Result interpretation  
 
Figure 1 illustrates the Environmental Product Declaration (EPD) results for each recycling method. The figure 
clearly shows that the impact of HVF process is the highest in all categories. This can be attributed to the high 
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electricity energy demand (60 MJ per kg of waste), compared to only 12.3 MJ/kg and 0.37 MJ/kg for chemical and 
mechanical recycling respectively. The high impact in eutrophication and photochemical oxidation category for 
chemical and HVF processes is due to disposal of organic contaminated waste water.  
 
a) b) 
 
c) d) 
Fig. 1. Environmental Product Declaration (EPD) results for composite recycling processes, a) Acidification, b) Eutrophication, c) Global 
warming potential, d) Photochemical oxidation 
Figure 2 shows that the total energy footprint of chemical or solvolysis process is dominated by the usage of 
acetone in all EPD categories. The impact of electricity usage is relatively low, around 20-30%. Impact of tap water 
and waste water disposal are found to be insignificant. From the results it can be recommended that reusing acetone 
can notably reduce the entire life cycle impact of the process.  
The sensitivity analysis result for global warming potential (GWP) for all recycling processes are illustrated in 
Figure 3. The GWP was chosen as the impact category as it is more relevant for the global and national effort to reduce 
greenhouse gas emissions. As shown in the figure, the mechanical recycling has the lowest GWP impact for all 
scenarios. This is attributable to its low direct electricity energy demand and absence of any chemical consumables. 
The huge range of GWP impact for HVF process is on account of wide range of process energy demand, between 17 
MJ/kg and 89 MJ/kg. The change of electrode tool life has only got a difference of around 0.01 kg CO2eq and is 
relatively insignificant compared to the impact of changing number of pulses. The impact of HVF process can be 
reduced to the same level of chemical process by using low number of pulses i.e. 500. Limiting the usage of acetone 
in the chemical process only reduces the impact by a small margin. The result suggests that one of the strategies to 
reduce impact of the chemical process is by improving heating efficiency. This can also be done by using a reactor 
with higher insulation to avoid heat dissipation and therefore will use less direct electricity energy demand for the 
heater. Another strategy is to change the type of solvent. However, this might lead to change of other process 
conditions (optimum temperature, pressure, solvent mixture) and recyclate quality.  
 
 Fig. 2. Environmental Product Declaration (EPD) for  
chemical recycling process 
Fig. 3. Sensitivity analysis results for global warming 
impact (GWP) 
 
4.3 Comparison of different composite recycling technologies with reuse applications 
 
Possible reuse applications for the recyclates are shown in Table 4. The recyclate are incorporated in several reuse 
applications as a substitution to virgin material. The embodied energy of virgin carbon fibre is higher (183-286 MJ/kg) 
compared to virgin glass fibre (13-32 MJ/kg) [20]. The GWP impact for all recycling processes is illustrated in Figure 
4. The replacement of virgin carbon fibre provides greater environmental credentials in comparison to replacing virgin 
glass fibre in moulding compounds applications. For high voltage fragmentation, process optimisation and utilisation 
needs to be done to reduce the overall impact. At the moment, the reuse applications alone are not sufficient to provide 
environmental credits, i.e. negative value of global warming potential. Environmental credentials can be gained 
through reusing recyclates from chemical and mechanical recycling processes. However, the positive impact of 
chemical recycling does not consider the refining stages required to recover the acetone.  
Table 4. Reuse applications for the composite recyclates 
Recycling process Avoided virgin material (per kg of waste) Notes 
Chemical 1.6 kg acetone, 0.6 kg carbon fibre (60% by weight from the 
composite waste) 
Refining stages for reusing acetone not 
included 
High voltage 
fragmentation 
0.3 kg glass fibre, 0.3 kg calcium carbonate Matrix not reusable 
Mechanical 0.2 kg glass fibre, 0.8 kg of calcium carbonate Re-process step for coarse recyclate is 
included 
 
 
 
Fig. 4. Comparison of reuse applications in different recycling processes (for 1 kg of composite waste) 
 
5. Conclusions  
 
This study proposes energy footprint models for mechanical, high voltage fragmentation and chemical method in 
recycling fibre reinforced composite materials. Main conclusions are drawn as follows: 
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 In mechanical recycling method, blade tool life should be maximised to reduce the energy footprint associated 
with the cutting tool. Higher processing rate can reduce specific energy demand for the mechanical granulator 
and dust extractor.  
 The solvent and electricity energy demand for chemical and high voltage fragmentation (HVF) respectively 
dominate the energy footprint for the process. 
 Process optimisation and scaling-up is required for HVF process to utilise basic energy of the machine, hence 
reducing energy demand per unit weight of waste. 
 Positive environmental impact is possible for mechanical and chemical recycling processes by reusing the 
recyclate and solvent. The energy footprint associated with recyclate classification or treatment and 
recovering the acetone and requires further study. 
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